Simultaneous visible and long-wave infrared (IR) images of the Moon were used with a simple energybalance model to study the spatial pattern of lunar surface temperatures. The thermal images were obtained with a radiometrically calibrated, compact, low-cost, commercial IR camera mounted on a small telescope. Differences between the predicted and measured maximum Moon temperatures were used to determine the infrared optical depth (OD), which represents the path-integrated extinction of an elevated layer of wildfire smoke in the atmosphere. The OD values retrieved from the IR Moon images were combined with simultaneous OD measurements from a ground-based, zenith-pointing lidar operating at a wavelength of 532 nm to determine an IR-to-visible OD ratio of 0.50 0.18 for moderately aged wildfire smoke aerosol.
Introduction
The Moon provides some of the most beautiful and easily seen natural optical phenomena at night. For example, scattering by thin clouds passing in front of the Moon can create colorful rings of light surrounding the Moon [1] [2] [3] [4] . The Moon itself can provide captivating scenes, especially when it is near the horizon [5, 6] or eclipsed by the Earth's shadow [7] .
The Moon's prominent role in our visual world naturally leads to interest that can be harnessed for educational purposes. One recent example of this was observations of the Moon with commercial thermal infrared (IR) cameras [8] . That study used basic principles of absorbed and radiated energy balance to predict the maximum lunar surface temperature, and then illustrated that it was possible to obtain reasonable measurements of this temperature using the simple model and thermal images obtained with increasingly accessible IR cameras. A similar simple model was developed earlier for estimating thermal IR radiance from the Moon in ground-based remote sensing studies [9] .
The authors of these two studies recently collaborated to obtain improved IR Moon images for educational purposes. This experiment was designed to achieve several advantages relative to previous measurements [8] : (1) a telescope-mounted thermal camera achieved 100 pixels across the Moon, compared with 15 pixels in the previous study, allowing investigation of how visible patterns of dark and light relate to the spatial distribution of Moon surface temperature; (2) radiosonde and lidar data with MODTRAN calculations provided a more complete atmospheric characterization; and (3) the higher elevation of our experimental site in Bozeman, Montana (1524 m ASL), provided a lower atmospheric attenuation compared with Brandenburg, Germany (<100 m ASL). This paper reports the results of this latest experiment to demonstrate the use of a low-cost, uncooled, thermal IR camera to obtain high-quality thermal images of the Moon and interpret them with a simple energy-balance model. However, a thin smoke layer high in the atmosphere during our measurements attenuated the observed lunar radiance sufficiently to require compensation before accurate Moon temperature measurements could be obtained. Fortunately, the availability of radiosonde data and lidar measurements provided an opportunity to characterize the atmosphere so that the IR Moon images could be used to retrieve estimates of the smoke-layer optical depth (OD). In the process, we also obtained a valuable estimate of the IR-to-visible OD ratio for moderately aged biomass burning aerosols.
Thermal IR Moon images were acquired on August 1, 2012, at full Moon and on August 3, 2012, two days after the full Moon. The August 3 images were acquired with a cloud-free atmosphere that contained an elevated layer of wildfire smoke from fires burning in Idaho and Montana within a distance of approximately 300 km. These images were used with the model-predicted maximum lunar temperature to retrieve the OD of the smoke layer after removing clear-sky extinction and emission.
The rest of this paper reviews the use of the Moon in remote sensing measurements and instrument calibration, summarizes the simple Moon model used to estimate a maximum Moon surface temperature, describes the measurement and analysis methods used in the study, presents results that include high-quality, radiometrically calibrated IR Moon images and simulated Moon temperature profiles, along with retrievals of the OD for the highaltitude smoke layer, and ends with a discussion of how this approach can be used for educational and research purposes.
Moon Used in Remote Sensing
The Moon is increasingly used as a source for calibrating visible and near-infrared (NIR) remote sensing instruments in space [10] [11] [12] [13] [14] [15] [16] . In its current situation, the Moon at fixed illumination and observation geometry has been shown to be radiometrically stable within 10 −8 per year for irradiance and 10 −7 per year for radiance at common spacecraft imaging instrument resolution in the visible NIR range [12] . Careful visible NIR characterization of the Moon as an absolute radiometric standard as a function of lunar phase angle [11, 13] provides common calibration for multiple instruments, even ones that operate at different times [14] . This has led to the routine use of lunar calibrations for instruments such as MODIS, which views the Moon once per month to monitor the long-term stability of its reflective solar bands [15, 16] .
There also have been efforts to establish thermal IR lunar calibrations. The Moon has relatively smooth spectral variation, emitting as a nearly graybody source for wavelengths beyond about 5 μm [9] , with the exception of modest deviations arising from the Christiansen and SiO 2 features in the nominal range of 7-9.5 μm [10, 17] . Lunar calibration is being applied currently to the VIIRS fire-detection band at 4 μm, which has an on-board blackbody calibration source operating at 315 K but requires calibration at higher temperatures because fire detection occurs when the temperature exceeds 343 K [18] . The VIIRS lunar calibration uses an algorithm that includes emission and reflection, with a maximum temperature of 390 K, based on observations from the Lunar Reconnaissance Orbiter Diviner mission-the first instrument to systematically map lunar thermal radiation with diurnal and seasonal variability at wavelengths out to 400 μm [19, 20] .
The Moon also has been used as a light source for ground-based remote sensing measurements. For example, Earthshine measurements have been used to estimate the Earth disk-averaged shortwave albedo for climate studies [21, 22] . Similarly, analysis of Apollo 15 data suggested that lunar surface temperature measurements on the side facing Earth would contain information about the radiative heat balance of the Earth for climate studies [23] . Also, in the thermal IR spectral range, moon glints have been shown to be an important component of the polarization state of emission measurements from water surfaces [24] . The Moon also has been used as a direct IR light source for ground-based spectroscopic measurements of atmospheric trace gases during the polar night [25, 26] .
The use of the Moon as an IR source for calibration or remote sensing measurements, however, requires careful consideration of spatial, temporal, and spectral variations in the Moon's emission. For example, deviations from a blackbody spectrum arise because of spatial temperature variations on scales smaller than the observing instrument's field of view [17] . Early optical measurements and laboratory measurements on lunar soil yielded an estimate of 0.89 0.04 for the IR emissivity in the spectral range of 10.5-13.5 μm, but the same paper included a footnote mentioning newer results that estimated the emissivity in the range of 0.93-0.975, and the author estimated that the emissivity uncertainty gave rise to an average surface temperature uncertainty of 2 K [10] . Similarly, the annual variation of the Moon-Sun distance induces a temperature variation of approximately 1.5 K, which is a systematic variable that can be accounted for easily. Shaw combined some of the results from the literature prior to 1999 to create a simple model of lunar IR emission with a maximum daytime temperature of 390 K and emissivity of approximately 0.98 [9] . More recent observations indicate a maximum daytime temperature of approximately 387 K from the Clementine long-wave IR camera that observed the Moon in a lunar polar orbit [27] , 391 K from ground-based measurements [8, 28] , and up to 395 K from the Diviner mission [19] .
In addition to establishing the maximum temperature for a full moon, it is necessary to consider the variation of temperature with lunar phase and across the lunar disk. Recent observations made with a single-pixel 8-14 μm radiometer mounted at the focal plane of a 20 cm diameter telescope show that the variation with phase can be estimated roughly with a sinusoidal curve [28] , but more accurate modeling requires including the opposition effect, which causes the visible Moon to become approximately 40% brighter on the last day before full Moon and the first day after full Moon [29] . This effect is caused by a combination of shadow hiding (particles hiding their own shadows at astronomical opposition) and coherent backscatter (constructive interference of multiply scattered light) [29, 30] . Lunar surface roughness on a scale of 1 cm and larger produces a shading effect that alters the illumination and, hence, the thermal spectrum. The general effect in the IR is reduced emission at wavelengths shorter than the emission peak near 8 μm, which alters the apparent brightness temperature [31] . It even has been shown that angular variation of IR emissions can be used to estimate Martian surface roughness on scales from 0.01 to 1 m [32] .
While these studies aim to obtain increasingly accurate characterizations of the IR moon, a relatively simple graybody model can be used to obtain a reasonable prediction of temperature profiles across the lunar surface, especially near full moon. This paper shows a favorable comparison of the results of this kind of model with long-wave IR images obtained with a commercial IR camera mounted at the focal plane of a small reflective telescope. To our knowledge, this is the only reported use of a low-cost, commercial IR camera to derive aerosol or smoke OD from images of the Moon.
Moon Temperature Model
The lack of atmosphere on the Moon leads to a relatively simple thermal environment in which emission equals absorption. Therefore, lunar thermal emission can be reasonably approximated with a simple calculation based on band-averaged emissivity and solar irradiance. Vollmer and Möllmann [8] recently developed the following expression for predicting the Moon's temperature T m from the Stefan-Boltzmann law with constant σ 5.670× 10 −8 W∕m 2 K 4 , lunar latitude angle φ, band-averaged shortwave albedo α vis , solar irradiance on the Moon E m , and long-wave emissivity ϵ IR :
Because the Earth-Moon distance is small relative to the Earth-Sun distance, we use the well-established spectrally averaged solar irradiance on Earth (the solar constant) as the solar irradiance on the Moon (i.e., E m ave 1361 W∕m 2 ). We adjust this value to account for the seasonally varying Earth-Sun distance, R ES (whose mean value is E m ave 1.496 × 10 11 m 1 AU), as follows:
with the Earth-Sun distance expressed in AU. The measurements discussed later in this paper were made on August 1 and 3, 2012, at which times the Earth-Sun distances were 1.01477 and 1.01450 AU, respectively, leading to spectrally averaged solar irradiance values of 1321.7 W∕m 2 and 1322.4 W∕m 2 , respectively. At full Moon ± two days, the average shortwave lunar albedo for the Maria regions, where the highest temperatures tend to occur, can be approximated as α vis 0.07 [19] . Within the uncertainty of this simple model, it is reasonable to assume a value of ϵ IR 0.93 for the long-wave emissivity [10, 17, 33] as an approximate value for the long-wave emissivity. With these assumptions, Eq. (1) leads to an equilibrium temperature for the Moon as a function of latitude angle:
Equation (3) is in agreement with results from standard thermal models used for asteroids, which also assume that all surface elements are in instantaneous equilibrium with the incident solar radiation. In addition to our model, thermal asteroid models also introduce the asteroid longitude angle θ [34] , finally giving
Later on, when analyzing line plots across the lunar disk, we only change one of these angles while keeping the other zero; therefore, Eq. (3) is sufficient for further analysis. Solving Eqs. (3) or (4) with the irradiance values just mentioned and with φ θ 0 leads to T max 390.8 K (117.6°C) for August 1 and 3, 2012, which is in close agreement to the values reported in the literature and discussed earlier in this paper for the maximum lunar temperature.
As explained more fully elsewhere [8] , the temperature across the full moon is expected to vary strongly, from the maximum value of approximately 391 K (118°C) at the center, to about 363 K (90°C) at 70% of the lunar radius, and below 323 K (50°C) beyond 90% of the lunar radius for the fully illuminated Moon. The simple model of Eq. (3) can be used to predict the approximate temperature at different locations on the Moon along a line through the center, but it unrealistically predicts a temperature that approaches zero near the edge because it does not include the effects of internal core heating, surface roughness, and so forth. By comparison, the minimum temperature at new Moon is approximately 123 K (−150°C) [28] .
Observation angles from Earth are related to the lunar phase angle at the time and date of an observation and to the lunar latitude angle (see [8] ). Therefore, we can quantitatively relate data from line plots within IR images across the lunar disk to the theoretical prediction of Eq. (3) (see Section 4).
Measurement and Analysis Methods

A. Moon Imaging
Our measurements are based on thermal IR images acquired using increasingly common uncooled microbolometer-based thermal cameras [35] . The primary Moon-observing camera was a FeathIR Scope system from Polaris Sensor Technologies, Inc. This system incorporates a FLIR Tau 640 long-wave microbolometer camera with 640 × 512 pixels, mounted inside a small reflective telescope with a 200 mm focal length and f -number of 1.25, producing a 3.1°× 2.5°f ield of view (FOV). This placed approximately 100 pixels across the lunar disk. Fourteen-bit digital images from the FeathIR Scope system were acquired via USB with a laptop computer. On August 3, we also used a FLIR Photon 640 long-wave microbolometer camera with 640 × 512 pixels and an f ∕1.7 lens with 50 mm focal length, producing an 18°× 14°FOV that placed approximately 17 pixels across the Moon.
During each image-acquisition cycle in our field experiment, both thermal cameras were sequentially pointed at the Moon, the clear sky, and two largearea blackbody sources operating at 80°C and 15°C at a distance of 20 m from the cameras, as indicated in Fig. 1 (at this distance, the blackbody sources subtended an angle comparable with the Moon's). However, data post-processing revealed that the blackbody source temperatures were not sufficiently stable because of cooling by the outdoor air motion (this problem was removed in subsequent experiments by shielding the blackbody from the wind). Therefore, we relied on a calibration transfer procedure using the well-calibrated Photon 640 as a reference. The Photon 640 camera was carefully calibrated to measure radiance [W∕m 2 sr], using methods developed at Montana State University to enable stable operation of uncooled imagers in long-term field deployments [36] [37] [38] . These methods were developed originally for high-accuracy radiometric imaging of the atmosphere to determine cloud statistics in climate studies and Earth-space optical communications [39] [40] [41] [42] [43] . We used the previously calibrated Photon 640 camera to determine the actual temperatures for the blackbody images acquired in the field, and then calibrated the FeathIR Scope system using its blackbody images with the adjusted source temperatures. Previous studies suggest that the uncertainty in the camera's output temperature achieved with this approach should be within approximately 0.25°C [36] [37] [38] .
Thermal Moon images were acquired on August 1, 3, and 11, 2012, in Bozeman, Montana, USA. As stated previously, the Earth-Sun distance on the two nights near full Moon was approximately 1.015 AU, which corresponds to solar irradiance of 1322 W∕m 2 and angular lunar diameter of 0.526°( the Earth-Sun distance for the crescent Moon on August 11 was 1.013 AU). The Moon was full at 21:28 Mountain Daylight Time (MDT UTC − 6 h) on August 1. Figure 2 shows the elevation of the Moon center (including atmospheric refraction) as a function of time (MDT) for our measurements on August 1 and 3, 2012.
B. Atmospheric Characterization
An important component of our experiment was determining the atmospheric transmittance and emission to accurately recover the Moon's temperature. In the long-wave IR band of interest for this experiment (∼7.5-13.5 μm), the primary effects in a clear atmosphere are attenuation and emission by water vapor, carbon dioxide, and ozone [39] . The most important of these to characterize accurately is water vapor, because of its strong spatial and temporal variability. For this purpose, we launched a radiosonde to measure the vertical profile of temperature and humidity above the Montana State University campus (45.667°N, 111.046°W, 1.524 km above mean sea level). The balloon was launched at 23:24 MDT on the evening of August 3, 2012, and reached its maximum altitude of 21.3 km 1.3 h after launch. Carbon dioxide is a uniformly mixed gas, for which we used a value of 393 ppm, which is an average of the July and August 2012 monthly mean values reported for the Mauna Loa Observatory [44] . The radiosonde profile and CO 2 concentration were used with the US76 Standard Atmosphere model profiles of ozone and other gases in the MODTRAN 5 radiative transfer code [45] to calculate atmospheric transmittance. These calculations produced spectra of atmospheric transmittance for the slant path from the ground to space in the direction of the Moon for each image (see [39] for further discussion of similar spectra). The spectra shown in Fig. 3 for two different lunar elevation angles illustrate the decreased transmittance and increased clear-sky emission that occur at smaller elevation angles (larger zenith angles). This is because of longer path length or higher air mass, which also gives rise to variations in the visual color of the Moon as it rises or sets [6] .
C. Smoke Optical Depth
Because of the high probability of thin smoke layers during late summer at our location, we also operated a zenith-viewing backscatter lidar instrument [46] to detect and measure the smoke OD at a wavelength of 532 nm. Lidar backscatter profiles were processed using an iterative method [47] that was found in previous studies to work well for smoke or clouds with OD less than approximately 2 [48] . Figure 4 is a plot of the relative backscatter signal for the co-polarized lidar channel at 23:00 MDT on August 3, 2012, clearly showing the presence of a primary smoke layer at an altitude of approximately 9.5 km above mean ground level (AGL), and several thin layers of aerosol (maybe smoke) in the altitude range of 2-4 km AGL (the cross-polarization ratio remained below 0.02, ruling out the possibility that the elevated layer was cirrus [3, 46] ). Lidar measurements of the 532 nm smoke OD are presented in the next section.
The radiance L observed by a ground-based thermal camera viewing the Moon through the atmosphere with a thin smoke layer is a combination of the radiance L moon emitted by the Moon and transmitted through the atmosphere, the radiance L atm emitted by the clean atmosphere along the slant path to the Moon, and the radiance L smoke emitted by the smoke along the same slant path. The Moon radiance, L moon , includes attenuation by the clean atmosphere (discussed below), but is multiplied by an exponential term accounting for the further attenuation arising from passage through a smoke layer with zenith-path OD τ smoke and a slant-path air mass M (estimated from the zenith angle θ z using a refraction-based model [6, 49] ):
Experimentally, we obtained the atmospheric and smoke radiance L atm L smoke from a clear-sky pixel adjacent to and at the same zenith angle as the Moon. We then solved Eq. (5) to obtain the smoke OD, τ smoke :
Each radiance term is a band-averaged quantity that depends on the sensor's spectral response function f λ, and the smoke-layer OD is not expected to have fine spectral structure, so the exponential model is reasonable in Eqs. (5) and (6) . However, as Fig. 3 shows, the atmospheric transmittance has fine spectral structure that was modeled using local radiosonde data in the MODTRAN5 code, as described in Section 4B, and integrated over the camera spectral response function, as indicated in the following two equations. The atmospheric-attenuated Moon radiance L moon can be described in terms of the sensor spectral response function f λ, Moon emissivity ϵ m λ, blackbody spectral radiance L bb for the Moon temperature T m , and atmospheric transmittance t atm at the Moon's zenith angle θ z :
f λϵ m λL bb λ; T m t atm λ; θ z dλ:
The observed clean-sky radiance L atm was obtained as part of the signal from a clear-sky pixel, but can be described in terms of the sensor spectral response function f λ and the clean-atmosphere radiance L a at zenith angle θ z :
The observed smoke-layer radiance L smoke also was part of the clear-sky pixel measurement, but can be described in terms of the sensor spectral response function f λ, the radiance L s emitted by the smoke layer, and the transmittance t atm2 for the atmospheric path between the smoke layer and the ground:
In summary, finding the smoke-layer OD with Eq. (6) required the following steps:
1. Calibrate raw thermal images to IR radiance L (as discussed previously, the well-calibrated Photon 640 was used as a transfer standard to adjust the blackbody images used to calibrate the FeathIR Scope system).
2. Subtract from L the radiance for a clear-sky pixel adjacent to the Moon (L atm L smoke ).
3. Calculate IR atmospheric spectral transmittance t atm with MODTRAN5 using radiosonde data (the sum of clean-atmosphere and smoke emission were measured together at a clear-sky pixel when deriving the smoke OD in step 2, but the radiance emitted by the atmosphere also was calculated with MODTRAN5 to enable the image processing shown in Figs. 8-10 before consideration of the smoke layer).
4. Divide the difference L − L atm L smoke by the band-average Moon radiance L moon , calculated from Eq. (7) using the atmospheric transmittance t atm .
5. To obtain the IR smoke OD, τ smoke , divide the logarithm of the quotient by the air mass M calculated from a refraction model using the zenith angle at the center of the Moon [6, 49] .
Results
A. Analysis Neglecting Smoke
Images of the full Moon acquired from visible and thermal cameras on the nights of August 1 and 2, 2012, are shown in Fig. 5 , with the Moon more than 99.9% illuminated. The visible image was obtained at 00:52 MDT on August 2, 2012, using a Nikon D300 camera with a Nikon 80-400 mm zoom lens set at 400 mm focal length, which produced a 3.4°h orizontal FOV (camera settings were f ∕11, ISO 1250, 1∕500 s). The thermal IR image was obtained at 01:05 MDT on August 4, 2012, using a laptop computer with the FeathIR Scope system with 3.1°hori-zontal FOV. Both images have been cropped to highlight the Moon. The thermal image has been processed to remove atmospheric extinction and emission, but it is not corrected for smoke aerosol effects. It is displayed with colors that represent temperature in K, found as the temperature of a graybody source that emits the same band-integrated radiance as measured from each pixel of the thermal image. One final example is shown in Fig. 7 , which is a thermal image of the crescent Moon, for which the lunar surface was 32.1% illuminated. This image was acquired with the FeathIR Scope system at 16:59 MDT on August 11, 2012 (near midday), 231.5 h after full Moon. An approximate correction for atmospheric extinction and emission has been applied to yield a maximum Moon temperature of 291.3 K (the uncertainty is higher for the temperatures on August 1 and 11 because of the lack of radiosonde data on those nights). Note that the maximum observable temperature in this case is less than the absolute maximum Moon temperature, which occurs at a location that is not visible with this viewing geometry.
Horizontal profiles of thermal images from the nights of August 1 and 3, 2012, are plotted with theoretical predictions from Eq. (3) in Figs. 8 and 9 (these profiles, which do not yet account for smoke aerosols, are from processed thermal IR images near the same time as those shown in Figs. 5 and 6 ). The profile shapes from the high-resolution images acquired with the FeathIR Scope system agree quite well with the simple theory of Eq. (3), but the lower-resolution images acquired with the Photon 640 camera only agree well with the theory near the region of maximum temperature. The theoretical curve in Fig. 8 is symmetric about the center of the Moon, but the corresponding thermal image exhibits a small asymmetry, with slightly higher temperatures on the left side in the vicinity of −0.2°because of the higher fraction of darker maria on that side of the Moon. Beyond the Moon edges at approximately 0.25°, the temperature from the high-resolution thermal images flares outward for multiple pixels, as was discussed previously [8] . Figure 9 shows the region of maximum temperature shifted notably to the left of center, toward the sun-illuminated region. We also tried adding temperature profiles calculated from DIVINER data, but we found that there were significant differences that apparently arose as a result of the non-Lambertian lunar surface being viewed at different angles by our Earth-based cameras and the Moon-orbiting satellite-based sensor.
B. Estimating Smoke Optical Depth
The maximum temperatures from the IR image profiles in Figs. 8 and 9 were always below the theoretical values by a variable amount up to 15 K. This is a result of attenuation of the Moon radiance as it passed through smoke aerosol layers in the atmosphere, which were not yet included in the analysis. The maximum Moon temperatures derived from thermal images before correction for the smoke extinction (but after correction for calculated nonsmoke atmospheric attenuation and emission) are plotted versus Moon elevation angle in Fig. 10 for the night of August 3 and 4, 2012. The blue circle symbols are measurements from the Photon 640 camera, and the red squares are measurements from the FeathIR Scope system; the horizontal dashed line marks the theoretical maximum Moon temperature of 390.8 K found in Section 2 using Eq. (3). At the start of the measurement sequence, the Moon temperatures from the thermal images were relatively close to the theoretical value, but they became notably lower for elevation angles above 12°, reaching a minimum of 376 K at about 30°elevation angle. The closest agreement occurred just below 12°elevation angle, when the thermal-image-derived Moon temperature reached approximately 390 K. The variability demonstrates that the difference from the theoretical Moon temperature is not a systematic error, but is instead consistent with temporally variable smoke extinction. Between 23:45 and 00:00 (22°and 25°), data are missing, since a cloud was passing through the camera FOV (the data points included in this gap period indicate the high variability of the aerosols when clouds were nearby).
Occasionally, on the nights of August 3 and 4, the smoke layer could be slightly discerned in visible photographs of the Moon, but it was mostly not visually apparent, either by eye or on photographs. The optically thin nature of the smoke also was indicated by daytime solar radiometer measurements of visible aerosol OD values (at 500 nm wavelength) of approximately 0.054 at sunset on August 3, 2012 (the peak aerosol OD on that day was 0.11 at sunrise). On the nights of August 3 and 4, 2012, the 532 nm lidar measurements of aerosol OD were in the range of 0.05 to 0.10, also similar to the solar radiometer measurements of aerosol OD on the following day, which varied between 0.032 and 0.085.
To estimate the IR smoke OD for a 10 μm mean wavelength, τ smoke was adjusted to make the righthand side of Eq. (5) match the radiance measured in the appropriate pixels of the IR Moon image (using the theoretically derived maximum Moon temperature of 390.8 K to determine L moon ). The IR smoke OD values derived in this manner from thermal Moon images are plotted in Fig. 11 as a function of time (MDT), together with lidar measurements that were filtered with a 10 min sliding median filter and then converted to IR equivalent smoke OD values (black triangles). The IR equivalent smoke OD was obtained by multiplying the 532 nm values by an IR-to-visible ratio of 0.50 0.18, found as the mean of the ratios of 10 min averages of IR Moon image OD and median-filtered 532 nm lidar OD. The 0.18 uncertainty in this mean value is the result of a standard error propagation calculation based on the standard deviations of the numerator and denominator of the ratio. 054 from 3 h earlier (keep in mind also that, even with the same instrument, the smoke OD is expected to be slightly larger at the 500 nm solar radiometer wavelength than at the 532 nm lidar wavelength). Table 1 lists values for the radiances, temperatures, and atmospheric transmittances for thermal Moon images at elevation angles of 9°, 20°, and 30°, covering the range of observations from the nights of August 3 and 4, 2012. The columns are labeled with variables from Eqs. (5) to (7), with the new variables T m representing the apparent maximum Moon temperature with no smoke compensation (shown in Fig. 10 ) and L exo representing the exo-atmospheric radiance of the measured signal after subtracting atmosphere and smoke emission and dividing by the atmospheric transmittance (but without correcting for the smoke extinction). In the absence of smoke, this value would be expected to be approximately 124 W∕m 2 sr, which is the camera-specific band-average radiance corresponding to the theoretical maximum Moon temperature of 390.8 K. The last two columns represent the sensitivity of retrieved smoke OD on radiance uncertainties, as discussed below.
When interpreting the trends of the data in Table 1 , it is important to remember that the smoke was changing during this time period, so the values in the table do not change solely with increasing elevation angle. This is shown, for example, by the changing apparent Moon temperatures in Fig. 10 (T m ), indicating that the smoke OD started out very low, increased at lunar elevation angles above 12°, decreased briefly for angles above about 20°, and increased again for angles above about 22°. Examination of the numbers in the table also reveals the importance of careful atmospheric characterization.
To estimate the sensitivity of the retrieved IR smoke OD on radiance changes, we calculated the OD change that would result from a change in the exo-atmospheric Moon radiance, L exo . The results are shown in the last two columns of Table 1 . The column labeled Δτ 0.25 shows the change in OD resulting from a 0.25 W∕m 2 sr radiance change, which corresponds to the IR camera calibration uncertainty [36] [37] [38] . This gives rise to an OD uncertainty that varies from 0.8% for the highest OD values observed here to 2.4% for the lowest OD values. The column labeled Δτ 1.0 shows that the OD uncertainty for a 1.0 W∕m 2 sr radiance change, corresponding to the total approximate uncertainty in the calibration and atmospheric characterization, varies from 5.4% to 9.6% for our observed values. It is important to note also that this method depends significantly on the accuracy of the lunar long-wave emissivity, shortwave albedo, and resulting theoretical maximum temperature. For example, changing ε IR or α vis by 0.01 causes the maximum Moon temperature T max to change by 1.1 K. Similarly, changing ε IR or α vis by 0.03 causes the temperature to change by approximately 3.2 K).
Discussion
The procedure described here to extract the IR smoke OD from IR Moon images shows promise for remote sensing of smoke or other aerosols in the atmosphere. The simple Moon model serves as an easily understood educational tool and may be sufficient for some remote sensing applications, but also contributes some of the largest uncertainties in the results presented here. Future implementations could benefit from the use of a more sophisticated Moon model, perhaps incorporating librations and spatially variable albedo and emissivity. The other most significant uncertainty arises because the zenithpointing lidar samples a different portion of the smoke layer than is seen at the same time by the Moon-viewing IR camera. An obvious solution would be to use a scanning lidar system pointed nominally toward the Moon, but this was not possible in our experiment because of limitations imposed by airtraffic control regulations. Instead, we relied on averaging data for 10 min, long enough for the smoke sampled at the zenith to move into the vicinity of the Moon. The IR-to-visible OD ratio found here (0.50 0.18) is a new contribution for moderately aged biomass smoke aerosol. It is similar to ratios found by others; for example, a ratio of 0.38 0.17 can be inferred from Fig. 4(b) of measurements reported for marine aerosols in East Asia [50] , a ratio of 0.35 was found to decrease to 0.22 during transport for elevated Saharan dust layers using AIRS satellite data [51] , and ratios of 0.34, 0.37, and 0.59 were found for Saharan dust using three different dust models with airborne measurements [52] . Also, an IR-to-visible OD ratio on the order of 0.5 0.05 is frequently used for cirrus clouds [53] (a result we use to estimate visible cloud OD from thermal cloud images [48] ).
Comparison of visible and IR images of the moon show two important features. First, from the images in Fig. 5 , it can be seen that the maximum temperature of the full Moon appears slightly above the centerline, in the region where the darker maria regions are seen in the visible image. The darker appearance of these regions indicates a lower shortwave albedo, which leads to increased absorption and thermal emission. Second, the images in Figs. 6 and 7 show that the location of the maximum temperature for the partially illuminated Moon is driven primarily by the illumination angle and secondarily by the spatial pattern of visible albedo. This supports the assumptions made in our simple model.
In future work, the OD analysis could be improved. A possible method of reducing the differences in instantaneous images and lidar measurements would be to move the IR camera away from the lidar location, in a direction opposite the Moon, so that the slant path viewed by the IR camera would overlap the region where the smoke layer was sampled by the zenith-pointing lidar. This would require moving the camera throughout the night, but could provide data to estimate an IR-to-visible OD ratio with lower uncertainty. Then, in future implementations, the IR camera could be used alone in a fixed location.
Finally, if a relationship were established between the smoke OD and emissivity, it might be possible to estimate the altitude of the layer by determining the atmospheric temperature that would produce a match between the radiance emitted by the smoke to the product of the retrieved band-average emissivity and the blackbody radiance at the air temperature. This could, for example, rely on a lapse-rate estimate or a radiosonde measurement of the vertical air temperature profile.
Conclusion
Radiometrically calibrated thermal IR images have been used to reveal spatial and temporal variations of surface temperatures on the Moon and, together with a simple model, were used for remote sensing of a smoke aerosol layer in the atmosphere. By combining IR smoke OD values from the IR camera with visible-wavelength smoke OD values from a lidar, a new estimate of 0.50 0.18 was found for the IR-tovisible OD ratio of moderately aged biomass burning aerosol. The smoke OD values retrieved from thermal Moon images were shown to have a maximum uncertainty less than 10%. This Moon imaging method requires sufficient spatial resolution such that the pixels used to determine lunar temperature are observing a value sufficiently close to the maximum temperature. Away from the center of the lunar disk, there are progressively lower temperatures, so larger pixels will give a spatially averaged value that is more difficult to interpret. Observations taken within several days on either side of the full Moon have notable asymmetries in their temperature profile, but are still easily used for this kind of remote sensing if the analysis is restricted to the region of maximum temperature. Without a more accurate model to predict the maximum temperature of a crescent Moon, performing this kind of remote sensing with images with less than a half Moon, such as Fig. 7 , would be difficult. With our approach, a good guideline is to have at least three-quarters of the Moon illuminated, as seen from the Earth, but this depends on the spatial resolution provided by the thermal camera and lens. For good quantitative analysis of the maximum temperature pixel, at least two pixels on each side should also detect the same temperature, meaning that a total of five adjacent pixels are required to have essentially the same temperature.
